Somatic mosaicism refers to the fact that cells within an organism have different genomes. It is now clear that somatic mosaicism occurs in all brains and that somatic mutations in a subset of cells can cause various rare neurodevelopmental disorders. However, for most individuals, the extent and consequences of somatic mosaicism are largely unknown. The complexity and unique features of the brain suggest that somatic mosaicism can play an important role in behavior and cognition. Here we review recent manuscripts showing instances of somatic mosaicism in the brain and estimating its extent and possible biological consequences. The consequences of somatic mosaicism span vast dimensions -from a single-locus variant, to genes and gene networks, to cells, to the interactions of the mosaic cells via neural networks affecting behavior and cognition. We highlight how systems biology approaches are particularly well suited for the complex emerging field of brain somatic mosaicism.
Introduction
Somatic mosaicism results from de novo DNA changes within cells of a body. Each individual cell within an organism has a history of growth, cell division, differentiation, exposure to chemical insults/metabolic stresses, DNA damage and repair that leads to the accumulation of mutations in its DNA. It is inevitable that genomic changes will accumulate within somatic cells during the life of an organism, but somatic mosaicism is of particular interest in the brain because of some of the brain's unique features. For the most part, once the mammalian brain is developed, the neuronal population is not replenished, with the exception of two regions harboring adult neurogenesis (the dentate gyrus of the hippocampus and the subventricular zone). Thus, individual somatic mutations persist throughout the lifetime of the neuron, which can coincide with the lifetime of the organism. Mosaic DNA mutations can potentially alter the physiological properties of each neuron, contributing to overall brain function. The importance of different circuits to the immediate behavior of the organism is modulated over time as the state of the brain changes. Thus, small groups of neurons or even single neurons can influence the behavior of the organism.
The multi-dimensional nature of somatic mosaicism and brain function presents multiple challenges and opportunities for understanding their relationship. In this article, we review the studies, techniques and data that underlie our current understanding of somatic mosaicism. We then explore multiple dimensions of somatic mosaicism data and discuss perspectives on holistic and data integrative approaches that shed light on the role of somatic mosaicism in the brain.
Variant types and mechanisms generating mosaicism
Surprising levels of genomic variation occur within the brain. Structural variations (SV), including copy number variations (CNV), LINE-1 retrotransposon insertions, deletions associated with LINE-1, along with single nucleotide variants (SNVs), create somatic genomic variation within neurons of the human brain. The spectrum of somatic variants in the brain is the aggregation of the different types of variants that occur over the life of all cells within the brain (Figure 1 ). By definition, somatic variants are restricted to a subset of cells within the body and have been traditionally difficult to identify in an unbiased manner. High-throughput sequencing, and especially single cell DNA sequencing, has enabled the identification of different types of somatic variations in the healthy human brain. These studies have revealed that every cell in the brain has somatic mutations and that, compared to inherited variants, somatic variants often cause a more drastic change.
Measuring the number and types of somatic mutations within healthy and diseased contexts is essential to understand the role of somatic mosaicism in health and disease. Studies over the past 5 years have provided the first estimates of the rate of different mutations per cell. Depending on the study and detection method, there are differences in rate estimates, but the current estimates provide essential upper and lower bounds to understand the somatic mutational landscape of an average single neuron. Within the healthy human brain, a single neuron is estimated to contain on average ~800-2000 SNVs, with 80% of the SNVs being C>T transitions enriched in actively transcribed genes when analyzed by whole genome sequencing of single cells amplification in vitro [11] . A study of single mouse neurons using nuclear transfer for whole genome amplification estimates ~100 SNVs per mouse neuron with ~40% of the SNVs being C>T transitions [8] .
Single cell sequencing studies identified structural genomic variants in human neurons. Variations of DNA larger than 1 kb in size are classified as structural variants, including copy number gains and losses of sequence. Hinting that somatic structural variants could have significant phenotypic impacts, germline structural variants are important contributors to neurological and neuropsychiatric disease and often disrupt multigene regions. [13] reported that 13-41% of frontal cortex neurons have at least one megabase-size de novo CNV. Also using single cell sequencing, another study identified megabase-size CNVs in non-diseased human brain [2] . A recent study sequencing single cloned mouse neurons also identified complex chromothripsis events. Interestingly, these megabase-size de novo CNVs are much larger than germline CNVs found in healthy humans, suggesting that large CNVs, while tolerated within the brain, would probably be lethal if present in every cell of the body.
A study published by [14] showed that a the mobile DNA element LINE-1 (L1) reporter can actively create neuronal mosaicism by somatic retrotransposition, a process whereby the L1 sequence inserts into a new location by a copy and paste mechanism. This finding led to the hypothesis that somatic mosaicism could play a role in generating neuronal diversity and potentially expanding the range of behavior of the individual [15] . However, it was not clear how representative of endogenous retrotransposition the reporter system was, and several studies shifted the focus to endogenous L1. Since these initial reports, single cell sequencing approaches identified the genomic location of individual insertions within brain cells and confirmed that L1 retrotransposition occurred in neurons. But the frequency of these events remains somewhat controversial, with estimates ranging from ~1 event in every five cells to ~13 events per cell [1, 6, 17] . A recent study, using targeted L1 sequencing on single cells, identified and validated somatic L1 insertions in neurons and glia of non-diseased individuals. It also identified somatic deletions associated with the L1 sequence and estimated a rate of 0.58-1 L1-associated somatic variants per cell [5] .
Proper neural development requires active DNA repair. Maintaining genome integrity is essential for all cells to suppress cancer and to faithfully propagate genetic information, but the brain is particularly vulnerable to defective DNA repair. Defects in DNA repair components such as the non-homologous end-joining (NHEJ) pathway, LIG4 and XRCC4, result in neuro-developmental defects and microcephaly. Mutations in DNA damage response genes ataxia telangiectasia mutated (ATM), ataxia telangiectasia related (ATR), and ATR-interacting protein (ATRIP) cause neuronal degeneration [3, 9, 12] . Similarly, other DNA repair pathways, such as transcription coupled repair, homologous recombination, and nucleotide excision repair, are required for proper neural development [10, 16] . In neural progenitors, a small group of long neuronal genes are prone to developing double-stranded DNA breaks, which are related to the transcription of these genes that are often mutated in cancers or neuropsychiatric disorders [19] . Neural progenitors undergo a period of rapid expansion correlated with a short cell cycle and gamma H2AX staining, a hallmark of double stranded DNA damage. At the end of this progenitor expansion, approximately 50% of cells undergo apoptosis. In sum, these studies have proven that somatic variations occur in healthy brain cells and highlight the potential importance of somatic mosaicism to brain function. But it is largely unknown if different cell types within the healthy or diseased brain harbor different levels or specific somatic mutations.
Dimensions of somatic mosaicism Collecting data
At present, the amount of data on somatic variants in the brain is relatively scarce, and several research groups are developing and improving laboratory and analytical techniques to accurately detect somatic variants. The NIMH-funded Brain Somatic Mosaicism Network (BSMN) aims to collect a large volume of genomic data on individuals affected by neuropsychiatric diseases and controls. These datasets will be a shared community resource and will include whole genome sequencing (WGS) at different depths, whole exome sequencing (WES) and targeted sequencing for mobile element insertion (MEI) profiling. Sequencing will be performed on single cells, pools of cells and bulk tissue samples. Single cell WGS provides the most comprehensive assessment of somatic mutations, but at a high cost per cell. Targeted sequencing enables sampling many cells for the same cost, restricting sequencing to a small subset of the genome. Bulk tissue sequencing captures data for many cells all at once and is effective in detecting mutations present in a large fraction of the cells but lacks power to confidently detect mutations present in one or a few cells. Single cell sequencing overcomes this problem but can also introduce sequence artifacts due to genome amplification, which pose an extra challenge to analysis. What mix of sequencing strategies would yield the maximum amount of information is not yet known. As data from many different sequencing strategies are being generated by the BSMN and other somatic mosaicism studies, this picture will become clearer.
Integrating data
For the expanding somatic mosaicism datasets, an overarching goal will be to identify biological consequences from somatic mosaicism and its potential role in neuropsychiatric disorders. Achieving this goal is particularly challenging due to the multidimensional nature of somatic mosaicism. As illustrated in Figure 1 , with individuals acquiring somatic variants during their lives, some of these dimensions are related to cells (cell identity, cell lineage, cell type, brain region it belongs to), individuals (genetic background, medical history, behavior), mosaic variants (type of variant, genomic regions affected) and developmental time. The impact of somatic mosaicism on cognition and behavior depends not only on these dimensions but also on interactions between cells carrying different genomic variants. Much insights can be gained by integrating mosaicism data with brain connectivity studies and meta-analytic databases on connectivity. While such integration studies are challenging, they can spark the development of a new set of analytical tools delving into the complexity of the genome and structural and functional brain connectivity.
Some special cases of somatic mosaicism are particularly interesting as they can provide a more direct link between mosaic genotype and phenotype and can serve as a basis to calibrate analytical strategies. One such case is focal cortical dysplasia, an epilepsy-causing malformation of some cortical regions caused by somatic mutations in genes from the mTOR pathway. Figure 1 middle panel, is an example in which a relatively large proportion of cells carry the phenotype-causing variant. Regions containing the variant are easily identifiable through altered morphology in the cortex, and sequencing of bulk tissue samples from these regions is likely to detect the variant. Cancer constitutes another such instance, in which accumulated mutations confer on cells the ability to escape control mechanisms and undergo rapid proliferation. Overgrowth makes cancer cells easily identifiable and their clonal nature allows cancer-related mutations to be discovered with bulk tissue sequencing. In these cases, a clear morphological phenotype and the presence of the same somatic variants in a large cell population make these cases more tractable experimentally and analytically.
A more general case of somatic mosaicism as illustrated by Figure 1 , top and bottom panels. In these hypothetical examples, each different somatic variant is present in a small number of cells and can have a subtle phenotype on each cell. Moreover, the phenotype may be different from cell to cell depending on the variant, the cell type and its current state. The overall levels of mutations may be affected by environmental factors. This case is clearly much more challenging to study from both the experimental and analytical standpoints. Due to low allele frequency, these somatic variants are unlikely to be confidently detected in bulk tissue sequencing, requiring single-cell sequencing approaches. The presence of multiple variants, each affecting each cell in a different way, makes analysis more challenging. Yet the collective contribution of all the variants to the behavior of a cell population may be significant and observable.
Given the complexity of the brain and the genome, a systems biology approach is well suited to provide insight into the relationships between somatic mosaicism and brain connectivity and function.
Studies based on magnetic resonance imaging (MRI) have been successful in delineating brain areas related to cognitive function and infer connectivity between them. Using multimodal MRI data from the Human Connectome Project (HCP), a recent study generated such a parcellation of the human cerebral cortex and developed a machine-learning classifier to locate each of these cortical areas in new subjects, even if they have atypical parcellation [7] .
Functional connectivity between brain areas has been inferred through temporal correlation analysis of their activity patterns. Co-activation meta-analysis or meta-connectomics combines activity data from primary studies in the published literature to infer connectivity and answer questions that were not posed originally in the primary studies [4] . These connectivity studies identified a "rich club" of highly connected brain areas that are involved in many cognitive functions. Deficiency in rich-club connectivity has been associated with schizophrenia [18] , suggesting a lower level of brain communication capacity may have a key role in this disorder.
Somatic variants can directly influence properties of each cell but can also be consequences of altered physiology leading to DNA mutation. The genomics literature has documented a vast set of properties or genomic regions that include sequence content, chromatin state, physical proximity, co-expression, gene function and relative replication time, among many others. We envision that a graph-theoretical representation of the genome, linking different genomic regions to each other based on their properties, will be instrumental in identifying meaningful information in somatic variant data, by connecting each variant with the properties of its genomic context. Rich metadata on the biological samples and clinical information on the individuals will provide links to brain regions across studies and related patient groups. Such a graph-theoretical representation is amenable to data-driven discovery of holistic properties of brain function and somatic mosaicism. Predictive models based on machine-learning or statistical techniques are key to test the robustness of these findings, which then will translate into new hypotheses and directions for research. Somatic variants being acquired during the lifetime of individuals. Trees represent cell lineage and colors represent somatic variants. For healthy individuals (top panel), a moderate level of somatic variants occur during development and also throughout the life of the individual. On a population wide level, this moderate somatic mosaicism leads to a moderate level of variation of phenotypes or behavior, creating intangible variance [15] . For the early somatic mutation causing a disease (middle panel), a somatic variant occurs early in development, resulting in a large proportion of cells carrying a detrimental variant. The bottom panel represents the hypothesis that environmental factors influence the rates of somatic mutations throughout the life of an individual. On an organismal level, we speculate that this level of mosaicism may result in a wider variance of phenotypes or behaviors (green line).
